Abstract A novel approach to the identification of microorganisms that accumulate high density microbial storage products based on density separation, denaturing gradient gel electrophoresis (DGGE), and DNA sequencing was developed and applied to bench and pilot scale enhanced biological phosphorus removal (EBPR) systems. Polyphosphate (PP), glycogen, and polyhydroxyalkanoates (PHAs), are all of higher density than a typical bacterial cell. PP-accumulating organisms (PAOs), the organisms responsible for EBPR, accumulate all three of these storage products. Density separation in a homogenous solution of Percoll produced a high-density biomass fraction with a relatively high concentration of PAOs, as determined by Neisser staining. DNA was extracted from these fractions, amplified, and separated by DGGE. DGGE profiles demonstrated some bacterial strains were present at a greater concentration in the high density fractions than in low density fractions. These strains were considered PAO candidates. 5 of 12 PAO candidates from high density fractions were γ Proteobacteria and only 1 was a β Proteobacterium. 2 PAO candidates were most similar to recently identified γ Proteobacteria sequences obtained by DGGE analysis of a deteriorated benchtop EBPR system.
Introduction
The identification of bacteria responsible for enhanced biological phosphorus removal (EBPR) from wastewater is of interest to improve system monitoring, modeling, and understanding of polyphosphate (PP)-accumulating metabolism(s), with the overall goal of improving system design and performance.
Results from fluorescent in-situ hybridization (FISH) and phylogenetic analyses of partial clone sequences of EBPR systems have indicated that members of the β Proteobacteria, and in particular the genus Rhodocyclus may be important PP-accumulating organisms (PAOs) in EBPR systems (Bond et al., 1995; Hesselmann et al., 1999; Crocetti et al., 2000) . In these studies PP-accumulating ability was inferred by comparing molecular data (such as FISH counts and sequences from clone libraries) from samples with different EBPR activity, or by simultaneous staining with FISH probes and methylene blue (Crocetti et al., 2000) . Simultaneous FISH and DAPI staining has suggested that members of the high GC content Gram-positive bacteria and the alpha subclass of the Proteobacteria may be PAOs (Kawaharasaki et al., 1999) . Nielsen et al. (1999) sequenced bands obtained from denaturing gradient gel electrophoresis (DGGE) gels of PCR-amplified DNA from a deteriorated EBPR reactor and found a novel group of γ Proteobacteria were important components of the population, as verified by FISH analysis.
The microbial storage products PP, glycogen, and polyhydroxyalkanoates (PHAs) such as polyhydroxybutyrate (PHB) are accumulated by PAOs, and are of higher density (Friedberg and Avigad, 1968; Mas et al., 1985) , than typical bacterial cells (Dammel and Schroeder, 1991) . Suresh et al. (1985) demonstrated that PAOs may be separated from the bulk biomass by centrifuging mixed cultures in a density gradient composed of a silica particle solution (Percoll solution, Amersham Life Sciences, Inc., Arlington Heights, IL, USA).
The current study developed a new method to identify PAOs in EBPR systems, based on density-separation in a homogenous high density solution coupled with DGGE analysis and sequencing. The approach was to:
• develop a non-gradient, density-based method for separation of activated sludge samples into high and low density fractions, • compare the different density fractions using DGGE, and • identify candidate PAOs by sequencing bands with increased intensity in the high density fractions.
Methods
Density separation was in a homogenous high density solution (typically 1.08 g/mL) composed of diluted Percoll adjusted to the activated sludge osmotic strength. Density separation was as follows: 50 mL activated sludge samples were pelleted (4 min, 2,000 rpm), resuspended in 10 mL diluted Percoll solution (typically 45% Percoll), then blended with a cell homogenizer (4/10 power, 4 min), and centrifuged (4,000 rpm, 4 min). The resulting small pellet was transferred to a 1.5 mL microtube(s), pelleted again, and the supernatant removed. The pellet was resuspended in 1 mL diluted Percoll solution (typically 60% Percoll, again with osmotic strength adjusted), and sonicated briefly (lowest power, 10% pulse, 5-10s), pelleted, and the supernatant removed. A portion of the pellet was washed 2× in an iso-osmotic buffer solution and used for Neisser stain microscopy to verify presence of PAOs, and a portion was set aside for DNA extraction. DNA extraction for 16s rDNA amplification was by a modified version of the method of Tsai and Olson (1991) . Amplification of 16S rDNA by the polymerase chain reaction (PCR) was performed using forward primer 968fGC with a GC clamp (Smalla et al., 1998) and reverse primer 1392r (Ferris et al., 1996) . Initial denaturation was 95°C 10 min, followed by 30 cycles of denaturation (45 s at 95°C), annealing (45 s at 54°C), and extension (2 min at 72°C), and a final extension for 5 min at 72°C. DGGE gels were run for 6 to 8 hours at 180 V and 60°C in a 30-60% gradient of formamide in a polyacrylamide gel using the Biorad Dcode Universal Mutation Detection System (Biorad Laboratories, Hercules, CA, USA).
Gels were stained in a 0.01% Vistra Green solution (Amersham Life Science Inc., Arlington Heights, IL, USA) for 15 min and visualized on a FluorImager (Amersham Life Science, Inc.).
Results and discussion
The homogenous solution density separation method produced a well defined high density pellet, while density gradients yielded poorly defined biomass smears. In all samples the high density pellet contained a greatly increased concentration of PAOs, as determined by Neisser staining. Neisser-positive organisms were typically 0.5-3 µm cocci. The increase in PAOs was visually estimated to increase from less than 50% in raw samples to greater than 90% in high density samples.
In all cases DGGE profiles of high density fractions differed from DGGE profiles of the total samples and the low density fractions (typical results are shown in Figure 1 ). The bands with greater intensity in the high density samples than the low density or total samples were considered to be candidate PAOs.
Overall, 5 of 12 sequenced PAO-candidate bands were similar to the γ Proteobacteria and only 1 was similar to the β Proteobacteria. The low P/COD reactor sample (OA) yielded 3 α Proteobacteria and the 1 β Proteobacteria. The absence of β Proteobacteria in high P/COD reactor samples was surprising in light of previous work suggesting the β Proteobacteria are likely PAOs (Bond et al., 1995; Hesselmann et al., 1999; Crocetti et al., 2000) . 2 of the γ Proteobacteria (from sample IB) were of high similarity to novel sequences recently published by Nielsen et al. (1999) , who studied a "deteriorated" benchtop EBPR system operated as an SBR with synthetic feed and acetate as the primary carbon source. Based on these results, the novel γ-Proteobacteria group identified by Nielsen and coworkers may play an important role in EBPR. Whether this role is beneficial or detrimental is uncertain. The remaining sequences were most similar to Cyanobacter and Chlamydiales.
Conclusions
The homogenous density solution method was demonstrated to separate samples into high and low Neisser-positive cell concentration fractions, which produced unique DGGE profiles. A limited number of sequences obtained from bands of relatively high intensity in the high density fractions suggested that the γ Proteobacteria may be important participants in EBPR. Further research is required to verify these trends in bench and full scale systems. 
